Abstract: Aluminium induced membrane potential (E m ) changes and potential changes during repolarization phase of the action potential (AP) in the internodal cells of Nitellopsis obtusa after blocking H + -ATPase activity by DCCD were investigated. Micromolar concentrations of DCCD are sufficient to
Introduction
Aluminum toxicity and long term accumulation of this element in humans has been named as a cause of osteoporosis and Alzheimer's disease, and in the wider environment the release of aluminium from soils by acid rain has seriously affected forests and aquatic life. Al is present in all soils, but Al toxicity is manifested only in acid conditions, in which the phytotoxic form A1 3+ predominates. The major toxicity symptom observed in plants is inhibition of root growth. It is important to identify the cellular mechanisms of aluminum toxicity in order to develop appropriate agricultural practices and improved crop species that can be cultivated in these acidic, Al-toxic soils. The first reactions of organisms to toxic compounds take place at the molecular and cellular level, before the effects become visible at higher levels of biological organization. Some responses of plant cells to Al are related to the alteration of plasma membrane properties.
The measurement of the bioelectrical responses of the cell membrane is one of the most suitable and rapid methods for the investigation of the functionality of membranes and membrane transport systems. The membrane conductance, resting and action potentials are highly sensitive to various chemical compounds. Cells of charophytes are well-characterised experimental systems to study a wide range of membrane transport phenomena. A cell separated from talloma can be considered as a single organism, that maintains essential physiological characteristics for a long time [1, 2] . Characean cells are considered unique plant cells, since they generate a large action potential. Studies on characean cells have also contributed to the exploration of the electrogenic H + pump in plant cells [3, 4] . The proper function of the proton pump is essential for survival of these organisms. Small changes in pump activity are thought to be important for many aspects of plant growth and development. For example, many studies have found changes in pump activity in response to a variety of environmental conditions, including salt stress, hormones, light, and pathogens [5, 6] . The regulation of H + -ATPase activity not only allows nutrient uptake in plant cells but also controls water fluxes in stomatal guard cells and to pulvinar motor cells [7] .
Most transport proteins in plant cells are energized by electrochemical gradients of protons across the plasma membrane. Cells have evolved a mechanism for the generation of membrane potential by ion translocation using the free energy released by ATP hydrolysis [8] . The resulting membrane potential can then be used by the cell for secondary ion and nutrient transport. Activation of proton pumps leads to the generation of a pH gradient across the PM (plasma membrane), and to its hyperpolarization. The membrane rest and action potentials are determined by decrease in conductance on both the H + pump and the passive channel. Therefore, the reported diversity of bioelectrical responses in plant cells could be explained by different action of exogenic factors on H + pump and on passive channels activity [9, 10] . Al has been shown to interact with the H + -ATPase on the cytoplasmic side of the PM [11] , and to inhibit electrogenesis in Characean cells [12] . In our previous work [13] we found that Al elicited a decrease in E m of only 21 mV in the Nitellopsis obtusa cells. It was suggested that the proton gradient across the plasma membrane is not the only factor affecting Al transport across the Chara corallina plasma membrane [14] . It was shown that H + -ATPase inhibition stimulated Al uptake into the cytoplasm [14] . Therefore, it is interesting to know how H + -ATPase inhibition is reflected in the generation of action potential. The experiments described herein describe the analysis of bioelectrical responses of Characeae Nitellopsis obtusa after H + pump inhibition and Al treatment. The effect of aluminum on the generation of action potential (AP) was examined by comparing shape of AP before and after treatment with Al.
Experimental procedures
Internodal cells of freshwater charophyte Nitellopsis obtusa (Devs.) J. Gr. were used throughout the experiments. The internodal cells were isolated from neighboring cells and branchlets. The internodes (each cell length ranging from 7 to 10 cm) were kept at least overnight in buffered artificial pond water (APW), containing 0.1 mM KCl, 1.0 mM NaCl, 0.1 mM CaCl 2 , 5 mM TRIS, adjusted pH 5.6 by HEPES. The electrogenic proton pump of the plasma membrane was inhibited by adding 100 µM dicylcohexylcarbodiimide (DCCD) (Sigma) Stock solution of DCCD at 100 mM was prepared in 10 ml dimethylsulfoxide and was diluted (75 µM) with APW. Dimethylsulfoxide alone did not inhibit the electrogenesis at the concentration range used. Aluminium treatment was carried out in the basic APW supplemented with 1 mM AlCl 3 . During the experiments, cells were placed in a plexiglass chamber and continuously bathed in a flowing solution of APW or test solution at a rate of about 1 ml·min −1 .
Measurements of transmembrane potential were carried out using a conventional microelectrode technique [15] . The experiments were made at room temperature (20±1
under daylight conditions (500±10 Lx). The microelectrodes had a tip diameter of 1µm and were made of borosilicate glass capillaries (Kwik-Fil T M , World Precision Instruments Inc., USA). Reference electrodes were filled with 3M KCl in agar-agar jelly and immersed in the experimental solution. A microelectrode was inserted into the cell to measure the electrical properties of the PM. Membrane potentials were measured 1h. after insertion, during which cytoplasm streaming recovered its normal rate, as it had been stopped by mechanical shock during the insertion of microelectrode. Signals were amplified with a WPI DAM50 preamplifier (input impedance -10 12 Ω, input leakage current -50 pA, gain -20x). Action potentials were elicited by injecting 0.1 s duration square pulse over threshold depolarizing curent (1 µA/ cm 2 ) between two pools using Ag/AgCl wires. Data were A/D converted (16 bits, ADS7805P, Burr-Brown Corporation) and stored in the computer memory for later analysis of membrane parameters. A schematic diagram of the electrical apparatus and electrode arrangement used is shown in Figure 1 .
The area of action potential repolarization for 100 seconds from the peak of AP was calculated as an integral by using the Microcal ORIGIN 7.5 program, as well as the highest slope of potential alteration. Standard errors are given for means n = 5. All statements on statistical significance are based on a confidence level of 95%. The software Statistica 6.0 (StatSoft) was used for statistical analysis.
Results
The effect of Al on Nitellopsis obtusa membrane potentials is multiform. The resting membrane potential and the repolarization phase of AP are affected in some cells. This could be explained by the heterogeneous action of Al on different cells or by different cell capability to conteract the adverse effect of Al. There are several mechanisms to keep membrane parameters at a constant level during external disturbances. When Al affects the cells (after 1h of incubation) in the pump state (resting membrane potential is (-220 mV) -(250 mV), the influence of Al on the resting potential was not observed (n = 10) (Figure 2 ). The effect of Al on action potential was seen only in some cases (n = 6) (arrow in Figure 2B ), while in other cells it had no effect on AP shape (n = 4) (Figure 2A ). The pattern of action potentials was different in the repolarization phase.
The action potential form in the pump state predominantly depends on activity of H + -ATPase. The strongly negative membrane rest potential depends on this activity too. The decrease of the H + -ATPase conductance is the main reason for the depolarization of resting potential and the decrease of membrane conductance. We generally waited an hour after application of DCCD to provide sufficient time for for onset of H + -ATPase inhibition. Resting potential attain (-180 mV) -(-160 mV) and plasma membrane conductance decreased about 4-fold after H + -ATPase blocking (unpublished data). DCCD and Al treatment elicited changes in action potential shape (Figure 3) . The effect of Al on the generation of the AP was examined by comparing the duration of repolarization phase. The average duration of half amplitude was 4.9 ± 0.65 s in control conditions, 7.7 ± 0.72 s in DCCD and 17 ± 2.36 s after addition of aluminum (Figure 4) . Our results clearly show that Al modulate the repolarization process by increasing its duration. All the cells exhibited this feature. Wilcoxon Matched Pairs Test proved the differences were statistically significant.
We also investigated other parameters of the AP repolarization phase: area of AP repolarization and voltage slope during repolarisation. The area of AP in APW was 1901 mV·s ± 255, 2368 mV·s ± 195 in DCCD and 3372 mV·s ± 375 after addition of aluminium.
Fig. 3
Effect of Al on repolarization phase of action potential. Repolarization rate for 100 seconds from the peak of AP was more than in standard slow conditions.
Fig. 4
Half-amplitude pulse duration. The average duration of half amplitude in control conditions, after 100 µM DCCD inhibition and after addition of 1 mM aluminum (n = 5).
The same influence of Al was observed when comparing the highest slope of potential alteration ( Figure 5 ). The average maximum potential alteration rate was 3.25 times faster in standard conditions as compared with Al treatment. DCCD treatment almost halved this parameter.
Fig. 5
Slope of AP repolarization in control conditions, after 100 µM DCCD inhibition and after addition of 1 mM aluminum. The maximum slope of action potential repolarization was obtained by electronic differentiation using Microcal Origin version 7.5 (First derivative plot of the repolarization, shown in Figure 2) . A Significant decrease in the maximum slope was observed after Al treatment.
Discussion
By using the rare 26 Al isotope, it was shown that Al is capable of crossing biological membranes within minutes of exposure [14] . This suggests that intracellular lesions could play a role in acute Al toxicity. From our results we conclude that Al modulates the repolarization process by increasing its duration. The membrane potential of characean cells is composed of two components-passive diffusion potential and active potential generated by an electrogenic proton pump [16] . Charophyte algae can be characterized by a highly negative membrane potential: beyond -250 mV. The plasma membrane H + -ATPase exports H + from the cell to generate a proton motive force with a membrane potential of (-120 mV) to (-160 mV) [4] . The highly negative membrane potential affects the driving force for any passive ion movement. Membrane potential of charophytes can exist in three states in dependence of H + -ATPase activity. In the pump state the membrane voltage (V m ) is more negative than the electrochemical equilibrium potential for potassium (E K ). In the K-state where V m is close to E K . In the depolarized state (H + influx state) where Vm is more positive than E K , the proton flux is characterized by a net influx of H + that reversed direction at more positive values of V m [17] . It was reported that hyperpolarization or depolarization does not necessarily indicate the activity of H + -pump, and if the H + -pump activity were reduced, the resting potential could stay at the hyperpolarized voltages [9] . Takabatake and Shimmen have reported the cell membrane of Chara corallina depolarized from -197 mV to -104 mV (93 mV) after one hour in Al medium [12] . We did not find any effect of Al on Nitellopsis obtusa cells when the rest potential was more negative, and we assume that this is due to H + -pump activity. In plants, as well as animals, an adaptive response to environmental conditions and disturbances can be mediated by changes in the flow of ions across cell membranes. In some plants, as in animals, this takes the form of an action potential [18] . Action potentials involve a transient influx of Ca 2+ to the cytoplasm, effluxes of K + and Cl − [19, 20] . The depolarization phase of AP is caused by an influx of Cl − . AP repolarization is comprised of two stages. The repolarization phase is due to the outward K + flow and the activity of the electrogenic pump at the plasma membrane. It was suggested that Supposedly, the second stage of repolarization during AP is related to the operation of electrogenic H + -pump in the excitable membrane [21] . As predicted, the H + pump may shift from an activated state to an inactivated state in a flip-flop (all or none) manner and this change in state can cause a change in the quantity (g p : number for the active H + pump) but not the quality (E p ) of the pump [9] . This could explain the diversity of action potential forms in the plants.
Micromolar concentrations of Al can effectively interfere with the H + -ATPase activity, which influences the transmembrane potential. Al has a very strong affinity for the PM surface (e.g. 56-fold higher than for Ca 2+ ). Al at 50 µM could neutralize the surface charge of the PM and cause a surface potential shift from -20 to +1 mV. Such an Alrelated shift in PM surface potential causes disturbance in ion transport processes [11] .
Agents which block ion channels in animal systems may not always have the same effect when used on plant membranes. There may be a considerable risk in the use of ion channel blockers in plant systems where their action is not completely understood. DCCD is a general inhibitor of ATPases. Micromolar concentrations of DCCD are sufficient to give complete and irreversible inhibition of proton pumping. Currently, there is no evidence to suggest a direct inhibitory effect of DCCD on K + channels [22] . The IC 50 (concentration of inhibitor resulting in 50% inhibition of enzymic activity) for DCCD inhibition of ATPase activity was approximately 20 µM irreversible inhibition of the H + -ATPase, presumably by covalent DCCD binding to the enzyme [23] . It is known that 50 µM m −3 DCCD can completely inhibit the proton pump whilst leaving the passive diffusion of K+ ions unaffected [24] . K + channels proved to be insensitive to DCCD, a classic inhibitor of electrogenic proton pump even at concentration 200 µM [25] . The ATPase inhibitor DCCD at a concentration of 20 µM in the external medium inhibited the slow transient inward current without affecting the first rapid component. It is suggested that the irreversible slow transient current component reflects the onset of some active ion transport system in the plasmalemma during the exitation of Nitellopsis obtusa [26] .
Since the application of DCCD is equivalent to inhibiting the H + pump current [27] , we cannot rule out the possibility that inhibition of H + -ATPase disturbed cell ion homeostasis and the cell becomes more sensitive to Al stress. However, this inhibition allows a closer look at the different phases of the action potentials. Aluminum inhibits inward K + channels (K in ) in both root hair and guard cells, which accounts for at least part of the Al toxicity in plants. It was shown that Al inhibits plant K in by blocking the channels at the cytoplasmic side of the plasma membrane [28] . It was concluded that Al enters plant cells through a Ca 2+ channel-like pathway and inhibits K + uptake by internally blocking K in . Al inhibition is reversible, indicating a simple direct interaction between Al and the channels. Al effects are rather specific and cannot be mimicked by other metal ions, excluding the possible effect of nonspecific binding to membrane lipids or other components.
Addition of extra cellular Al inhibited K + outward currents, blocked the K + inward current, and caused the activation of an inward Cl − current in maize root apex [29] .
Decreasing of repolarization rate can be interpreted as a slowing down of the opening and closing kinetics of Cl − and K + channels. Aluminum affects various systems of the cell in a complex and interdependent manner. One could suppose that in the short term (2 hours) treatment of Al, decreasing membrane potential was compensated by H + -ATPase activity. Blocking H + -ATPase activity by DCCD can enhance the influence of Al on the bioelectrical activity of cell membranes.
